
		
			[image: Cover image]
		

	
    
      
        
          	
          	
        

        
          	
        

        
          	
            [ Original Paper ]
          
        

        
          	The KSFM Journal of Fluid Machinery - Vol. 27, No. 6, pp.14-22
        

        
          	ISSN: 2287-9706			
					(Print)
				
        

        
          	Print  publication date  01 Dec 2024

        

        
          	Received  28 Aug 2024
Revised  22 Nov 2024
Accepted  27 Nov 2024

        

        
          	
            KFMA_2024_v27n6_14

            DOI: 
            https://doi.org/10.5293/kfma.2024.27.6.014
          
        

        
          	
            CFD Analysis on the Internal Flow of Swirling Ultrafine Bubble Generator for CO2 Gas Dissolution
          
        

        
          	
            Ujjwal Shrestha* ; Deokho Jang** ; Young-Do Choi***, †


          
        

        
          	*Institute of New and Renewable Energy Technology Research, Mokpo National University

        

        
          	**Bumhan Industries Co., Ltd.

        

        
          	***Department of Mechanical Engineering, Institute of New and Renewable Energy Technology Research, Mokpo National University

        

        
          	
            CO2 가스 용해를 위한 선회식 초미세기포 발생기 내부유동 CFD해석
          
        

        
          	
            쉬레스트우즈왈* ; 장덕호** ; 최영도***, †


          
        

        
          	
        

        
          	
        

        
          	
        

        
          	
            Correspondence to: †E-mail :  ydchoi@mnu.ac.kr
          
        

        
          	
        

        
          	
            

            

          
        

      

      
        
          	
          	
        

      

      
        
          
            Abstract
          
        

        
          In recent times, the application of fine bubbles has increased rapidly. Bubbles in the liquid are classified according to their diameter. The bubbles size from 1 μm to 100 μm are called microbubbles, which rise at a slower rate and cause rapid dissolution. The ultrafine bubbles are the bubble size less than 1 μm, which will not rise and stay in a liquid medium for a long time. Fine bubbles are applied in aquaculture, agriculture, clinical medicine, food, and chemical industry. Ultrafine bubble generation is difficult, but numerous methods like swirling liquid, venturi, ejector, pressurized, dissolution, and electrolytic types are available to generate ultra-fine bubbles. The swirling flow generator with a regenerative pump is selected to generate ultrafine bubbles. CO2 gas and water pass through the regenerative pump and enter the swirling flow generator that generates ultrafine bubbles. When the inlet velocity of CO2 is lower, the size of the bubble diameter decreases. The cylinder, divergent, and convergent conical shape swirling flow generators are designed to reduce the bubble size distribution. The conical shape swirling flow generator reduces the fine bubble to less than 50 μm.
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      1. Introduction
      Recently, industrial and consumer applications of fine bubbles have been increasing rapidly. Fine bubbles are used for the cleaning effect, water purification(1,2), aquaculture, control of chemical reactions(3), quality control of food(4), and mineral flotation(5). The fine bubbles are bubbles with a diameter of less than 100 μm. The fine bubble with a diameter of more than 1μm is a microbubble, and less than 1μm is an ultrafine bubble(6). The non-fine bubbles are spherical and rise and burst at the water surface. Microbubbles rise slower than non-fine bubbles, whereas ultrafine bubbles no longer rise and stay in water for a long time.

      The bubble size and distribution significantly affect heat and mass transfer between the gas and liquid phases. Several typical ultrafine bubble generators based on hydrodynamics have developed over the past decades, such as pressurized dissolution-type(7), spiral liquid flow-type(8), venturi-type(9), and ejector-type(10).

      Among them, the most widely used is shearing and breaking gas into microbubbles through turbulence induced by flowing liquid, such as swirling-type, jet-type, and venturi-type ultrafine bubble generators. A swirl flow field was introduced to strengthen the turbulence level of flowing liquid and further enhance the shear breakage effect of bubbles. In this regard, various swirl-type ultrafine bubble generators, which utilize the shear force induced by the vortex breakdown to produce fine bubbles, have been designed and developed in recent years, including tangential swirl-type and axial swirl-type. Ding et al.(11) designed an axial swirl-type microbubble generator by installing a new bubble-breaking mechanism to promote bubble breakup.

      In this study, the water and CO2 two-phase flow numerical simulation was performed to investigate the generation of ultrafine bubbles of CO2 gas. The various types of swirling flow generators are used to generate the ultrafine bubble of CO2 gas. The comparative study of the various ultrafine bubble generators is accomplished in this study.

    

    

  
    
      2. Modeling and Methodology
      
        2.1 Modeling of swirling type bubble generator
        Fig. 1 shows the design and modeling of an ultrafine bubble generator with a regenerative pump. The water and CO2 are the intakes for the ultrafine bubble generator. The mixing of water and CO2 takes place in the regenerative pump and mixing chamber. The swirling motion of the mixture initiates the formation of the fine bubbles. The strength of the swirling motion determines the diameter of fine bubbles. Fig. 2 indicates the cross-section view of the regenerative pump with the impeller blade and casing flow passage. The design of the regenerative pump is adopted from the previous study(12). The regenerative pump increases the pressure from the inlet to the outlet. Fig. 3 is the schematic view of a swirling liquid flow type ultrafine bubble generator. The swirling liquid flow type is widely used for microbubble generators. The swirling motion and shear flow of the water and CO2 in the regenerative pump and mixing chamber generate micro and ultrafine bubbles.
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            Modeling of ultrafine bubble generator with regenerative pump
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            Modeling of regenerative pump(12)
          
          

          

        

        
          
          

          Fig. 3 
				
          

          
            Ultrafine bubble generator using swirling flow generation method a) radial and b) side cross-section view(6)
          
          

          

        

        Fig. 4 shows the various designs of swirling flow generators used to produce ultrafine bubbles. The five types of swirling flow generators are shown in Fig. 4. Design 1 is cylindrical with a simple inlet and outlet. Designs 2 and 3 used the divergent conical with simple and divergent outlet pipes for the swirling flow generator, respectively. The convergent conical with simple and divergent outlet pipes are used for designs 4 and 5, respectively.

        
          
          

          Fig. 4 
				
          

          
            Various types of ultrafine bubble generator using swirling flow generation
          
          

          

        

      

      
        2.2 Numerical methodology
        The computational fluid dynamics code of ANSYS CFX 2022R2(13) is employed to investigate the swirling flow generator performance and internal flow behavior. Fig. 5 shows the numerical grids for the numerical analysis. ANSYS ICEM 2022R2(13) generated the hexahedral numerical grids of the regenerative pump and mixing chamber. The y+ values for the numerical grids are less than 100.

        
          
          

          Fig. 5 
				
          

          
            Numerical grids of regenerative pump and ultrafine bubble generator
          
          

          

        

        Fig. 6 shows the mesh dependency test and the optimum number for CFD analysis. According to the mesh dependency test, a 5.5million node number is suitable for the stable CFD analysis. The further increase in the mesh number does not influence the CFD analysis results.

        
          
          

          Fig. 6 
				
          

          
            Mesh dependency test for regenerative pump
          
          

          

        

        The mixture of water and CO2 is considered for steady-state CFD analysis. The continuous phase is water with a density of 997kg/m3 and viscosity of 0.89×10-3kg/m.s. CO2 is used as polydispersed fluid with a density of 1.977kg/m3 and viscosity of 1.49×10-5kg/m.s to simulate the bubble formation in the swirling flow generator. The multiphase Reynolds Navier-Stokes equations, combined with the shear stress transport (SST) turbulence model, were selected to analyze the bubble flow in the mixing chamber. The homogeneous multiple-size group (MUSIG) was employed to evaluate the bubble size(14,15). Luo bubble breakup model(16) and the Prince bubble coalescence model(17) are selected.

        CFD analysis uses a static pressure condition for the water inlet, a velocity inlet for CO₂, and a mass flow rate condition for the mixture outlet. Table 1 provides the detailed boundary conditions for the CFD analysis of the ultrafine bubble generator.

        
          Table 1 
				
          

          
            Boundary conditions for regenerative pump and ultrafine bubble generator CFD analysis
          
          

        

        
          
            
              	Parameter/Boundary
              	Conditions/Value
            

          
          
            	Analysis type
            	Steady State
          

          
            	Working Fluid
            	Water + CO2
          

          
            	Water Inlet
            	Static Pressure
          

          
            	CO2 Inlet
            	Velocity
          

          
            	Outlet
            	Mass Flow Rate
          

          
            	Rotational Speed
            	3000 min-1
          

          
            	Turbulence Model
            	Shear Stress Transport
          

          
            	Polydisperse Fluid
            	Homogeneous Multiple Size Group (MUSIG)
          

          
            	Interface Model
            	Frozen Rotor
          

        

        

        The numerical analysis is performed with various CO2 inlet velocities of 2m/s, 3m/s, and 4m/s for each design type.

      

    

    

  
    
      3. Results and Discussion
      
        3.1 Performance curves of regenerative pump
        The dimensionless terms were used to evaluate the performance of regenerative pumps(18).
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        where, λ is head coefficient, ϕ is flow coefficient, ω is rotational speed (rad/s), D is impeller outer diameter (m), ρ is density of fluid (kg/m3), g is acceleration due to gravity (m/s2), Q is flow rate (m3/s), H is effective head (m), τ is torque consumed by impeller (Nm).

        Fig. 7 illustrates the performance curves of the regenerative pump with a straight impeller blade. The efficiency and the head coefficient of the regenerative pump are 47.4 % and 0.157 at ϕ=0.0113. The efficiency and the head coefficient of the regenerative pump are constant with rotational speed variation, and the similarity law of the performance matches well. The design and CFD analysis of the regenerative pump are satisfied(19).
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            Performance curves of regenerative pump
          
          

          

        

      

      
        3.2 Effect of CO2 inlet velocity in the swirling type ultrafine bubble generator
        The bubble generation in the mixing chamber is dependent on the various parameters. The influence of CO2 inlet velocity is considered for the ultrafine bubble generation. In this study, the CO2 inlet velocities of 2m/s, 3m/s, and 4m/s were considered to maintain the sufficient mass flow rate of CO2 gas. Fig. 8 shows the influence of CO2 inlet velocity on the bubble mean diameter distribution. The inlet CO2 velocity showed the variation of bubble mean diameter distribution in the swirling flow generator. The maximum bubble mean diameter is 200 μm, 126μm, and 60μm for CO2 inlet velocity 4m/s, 3m/s, and 2m/s, respectively. The results indicate that a lower CO2 inlet velocity is more effective for generating smaller bubbles.

        
          
          

          Fig. 8 
				
          

          
            Bubble diameter size distribution in swirling flow generator design 1 according to CO2 inlet velocity
          
          

          

        

        Fig. 9 presents a cross-sectional view of bubble mean diameter contours in the mixing chamber of swirling flow generator design 1. Fig. 9 indicates that the bubble’s mean diameter decreases as the flow moves toward the outlet. It implies that the swirling flow generator design is suitable for ultrafine bubble generation.

        
          
          

          Fig. 9 
				
          

          
            Cross sectional view of bubble mean diameter contours in the swirling flow generator with 2m/s CO2 inlet velocity
          
          

          

        

      

      
        3.3 Effect of swirling flow generator designs on ultrafine bubble generation
        A comparative study of the various swirling flow generator design shapes was performed. The bubble mean diameter distribution in the swirling flow generator is shown in Fig. 10. The bubble mean diameter increases suddenly at the outlet pipe for swirling flow generator designs 3 and 5. It suggests that the divergent outlet pipe drastically increases the mean bubble diameter.

        
          
          

          Fig. 10 
				
          

          
            Bubble diameter distribution in the swirling flow generator with 2 m/s CO2 inlet velocity
          
          

          

        

        The mean bubble diameter is less than 50μm for swirling flow generator designs 2 and 4. Therefore, it concludes that a conical-shaped swirling flow generator with a simple outlet pipe is preferable for ultrafine bubble generation.

        Fig. 11 shows the flow velocity distribution in the swirling flow generator. The flow velocities for designs 1, 2, and 4 are relatively higher than for designs 3 and 5. The flow velocity maintains the turbulence and swirling flow in the ultrafine bubble generator. Designs 2 and 3 showed negative flow velocity, which indicates that reverse flow in the chamber reduces the secondary vortex intensity in the ultrafine bubble generator. Designs 3 and 5 have divergent diffuser outlet pipes, which reduces the flow velocity and swirling strength in the ultrafine bubble generator. It suggests that a convergent conical diffuser with a simple outlet pipe effectively maintains high flow velocity and secondary flow in the ultrafine bubble generator.

        
          
          

          Fig. 11 
				
          

          
            Flow velocity distribution in the swirling flow generator with 2 m/s CO2 inlet velocity
          
          

          

        

        Fig. 12 shows the secondary vortex intensity distribution in the swirling flow generator. The secondary vortex intensity quantifies the occurrence of secondary flow in the ultrafine bubble generator. The secondary vortex intensity is defined as the absolute vorticity flux in the normal direction of the cross-section area(20).

        
          
          

          Fig. 12 
				
          

          
            Secondary vortex intensity distribution in the swirling flow generator with 2 m/s CO2 inlet velocity
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        where Ju is the secondary vortex intensity, u is the local flow velocity.

        The secondary vortex intensity distribution is dependent on the swirling flow generator design. The swirling flow generator design 1 showed the minimum secondary vortex intensity. It implies that the lower secondary vortex intensity increases the bubble diameter. The divergent and convergent conical shape swirling flow generator showed the decreasing and increasing tendency of secondary vortex intensity. At the outlet, the secondary vortex intensity is comparatively lower for swirling flow generator designs 3 and 5, which increases the bubble mean diameter. The secondary vortex intensities for designs 2 and 4 are higher, which decreases the mean bubble diameter. Hence, the swirling flow generator designs 2 and 4 can be considered for ultrafine bubble generation.

        Fig. 13 shows the turbulence kinetic energy and pressure comparison between swirling flow generator designs 1 and 4. The turbulence kinetic energy (TKE) is produced by fluid shear, friction, and buoyancy. It is calculated from the root mean square of the turbulent fluid velocities fluctuations in x, y, and z directions.

        
          
          

          Fig. 13 
				
          

          
            Comparison of turbulence kinetic energy and pressure between swirling flow generator design 1 and design 4 with various CO2 inlet velocity
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        where σu2, σu2, and σu2 are velocities variance in x, y, and z directions, respectively.

        The TKE is directly related to the turbulence flow in the swirling flow generator. The TKE plays a vital role in breaking up and reducing bubble size(21). The TKE is higher for design 4, which effectively breaks and reduces the bubble size compared to design 1. The higher value of TKE contributes to maintaining the swirling flow in the ultrafine bubble generator. In designs 1 and 4 with 4m/s CO2 inlet velocity, the pressure decreases from 320kPa to 306kPa and 371kPa to 350kPa, respectively. The pressure drop in the ultrafine bubble generator is directly related to the increase in TKE. The TKE value increases from 6m2/s2 to 32m2/s2 and 18m2/s2 to 78m2/s2 for designs 1 and 4 with an decrease in CO2 inlet velocity from 4m/s to 2m/s, respectively.

        Figs. 14 and 15 show the comparison of bubble diameter in the various locations of vertical lines in the cross-sectional planes of the swirling flow generator with designs 1 and 4 with 4m/s and 2m/s CO2 inlet velocity, respectively. The bubble diameter is more than 100 μm for design 1, but the bubble diameter is lower than 50μm for design 4 with 4m/s CO2 inlet velocity. The decrease in the CO2 inlet velocity from 4m/s to 2m/s decreases the bubble mean diameter in designs 1 and 4. It suggests that design 4 is preferable to generate an ultrafine bubble with different inlet CO2 velocities.

        
          
          

          Fig. 14 
				
          

          
            Comparison of bubble mean diameter between swirling flow generator design 1 and design 4 with 4m/s CO2 inlet velocity
          
          

          

        

        
          
          

          Fig. 15 
				
          

          
            Comparison of bubble mean diameter between swirling flow generator design 1 and design 4 with 2m/s CO2 inlet velocity
          
          

          

        

        Figs. 16 and 17 show the bubble mean diameter contours in swirling flow generator designs 1 and 4 with a CO2 inlet velocity of 4m/s and 2m/s, respectively. Design 4 shows the bubble diameter of less than 50μm and 25μm throughout the ultrafine bubble generator with CO2 inlet velocity of 4m/s and 2m/s, respectively.

        
          
          

          Fig. 16 
				
          

          
            Bubble diameter contours between swirling flow generator a) design 1 and b) design 4 with 4m/s CO2 inlet velocity
          
          

          

        

        
          
          

          Fig. 17 
				
          

          
            Bubble diameter contours between swirling flow generator a) design 1 and b) design 4 with 2 m/s CO2 inlet velocity
          
          

          

        

        Fig. 18 illustrates the bubble size distribution for swirling flow generator designs 1 and 4. Design 1 primarily generates bubbles with a mean diameter exceeding 50μm. Design 4 predominantly produces bubbles with a mean diameter below 20μm. Notably, 10 % of the bubbles produced by design 4 are smaller than 10μm, indicating its capability to generate ultrafine bubbles.

        
          
          

          Fig. 18 
				
          

          
            Bubble size distribution between swirling flow generator a) design 1 and b) design 4 with 2 m/s CO2 inlet velocity
          
          

          

        

      

    

    

  
    
      4. Conclusion
      The generation of ultrafine bubbles with a regenerative pump and swirling flow generator was performed, and the water-CO2 two-phase modeling was applied with the CFD-MUSIG model. The CFD analysis showed the flow simulation and bubble size distribution in the swirling flow generator. The cylindrical and conical-shaped swirling flow generators were used to generate ultrafine bubbles. In addition, outlet pipe shape was investigated to improve ultrafine bubble size.

      The water and CO2 are entered separately in the regenerative pump, which mixes water and CO2. The mixture of water and CO2 passes into a swirling flow generator and produces ultrafine bubbles. The divergent outlet pipe in swirling flow generator designs 3 and 5 increases the bubble mean diameter from 47μm to 57μm and 61μm when the inlet CO2 velocity is 2m/s, respectively. The swirling flow generator designs 2 and 4 generated ultrafine bubbles with a diameter of less than 50μm through the swirling flow generator. Design 4 shows a higher turbulence kinetic energy than design 1, which maintains swirling flow and reduces the bubble diameter. Furthermore, the bubble diameter is decreased below 10μm in ultrafine bubble generator design 4 with 2m/s CO2 inlet velocity. Hence, the swirling flow generator design 4 is more suitable and efficient for ultrafine bubble generation.

      As the purpose of this study is to produce the ultrafine bubble, in the future, inlet CO2 velocity variation, a serial combination of muti-stage ultrafine bubble generator, and the shape optimization process of the ultrafine bubble generator will be performed in the swirling flow generator to generate a bubble diameter of less than 1μm.
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